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INTRODUCTION
Adamite with a carbon content of 1.4 to 2.0 wt. % 
manufactured by the casting is used as work rolls for hot 
rolling [1]. Nowadays, rolling conditions are becoming 
harsh since steel makers increase rolling productivity 
with demand for high strength steels. So that it causes 
fatigue cracks and spalling on the surfaces of work rolls 
[2,3]. Therefore, the decreased service life of work rolls 
leads to an increase in the replacement cost of work 
rolls and a decrease in rolling productivity. In recent, the 
studies are reported on reducing the casting defects and 
improving mechanical properties such as wear resistance 
and fatigue resistance by applying hot forging to adamite 
cast roll [4,5]. However, high carbon steels are limited in 
application of hot forging due to its narrow hot forging 
regions and precipitation of cementites resulting in 
brittleness [6]. Therefore, the objective of this study is to 
derive applicability of hot forging on adamite cast steel 
with a carbon content of 1.6 wt. % through the HCT and 
DRX behavior.

Experimental material and procedure
The materials used were prepared from adamite cast roll 
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and the chemical composition is given in Tab. 1. The HCT 
for deriving the processing map to evaluate hot workability 
was carried out by gleeble thermal-mechanical simulator. 
The test specimens were machined with a diameter 
of 10 mm and with a height of 12 mm. In the HCT, the 
initial heating was performed at the two different test 
temperatures of 1200 °C or 1100 °C with a heating rate of 
4 °C/s to evaluate the effect of the IHT on hot workability. 
And then, all specimens were rapidly cooled to the HCT 

temperatures of 1100 °C, 1000 °C, 900 °C, and 800 °C 
with the strain rates of 1.0 s-1, 0.1 s-1, 0.01 s-1, and 0.001 
s-1, respectively. All specimens were compressed to 50 
% in height (∆h/h0). The processing maps were obtained 
by using flow stress-strain curves from the HCT and the 
microstructures were analyzed by field emission scanning 
electron microscopy(FE-SEM) to confirm the reliability 
of the obtained processing maps. The DRXed behaviors 
were analyzed by electron backscatter diffraction(EBSD).

Chemical compositions of adamite

C Si Mn Cr Mo P S

Spec 1.4~2.0 0.3~0.7 0.5~1.0 0.8~1.6 0.2~0.5 ~0.035 ~0.030

Results 1.58 0.36 0.79 1.08 0.25 0.035 0.004

Tab.1 - Chemical compositions of adamite.

RESULTS
Flow stress-strain curves
Flow stress-strain curves obtained at the HCT temperature 
ranges from 1100 to 800 °C with the strain rate ranges from 
1.0 to 0.001 s-1 with the two different IHTs are shown in 
Fig. 1. Flow stress-strain curves in Fig. 1(a) and (b) exhibit 
work hardening up to 0.2 % offset yield point regardless 
of the strain rates and the HCT temperatures followed by 
gradually softening to the true strain of 0.69. It means that 

softening occurs due to the DRX. In general, flow stresses 
decrease as the HCT temperature increases and the strain 
rate decreases. In com-pared to the flow stresses and the 
critical strains at the IHTs of 1200 °C and 1100 °C, the flow 
stresses and the critical strains at the IHT of 1100 °C are 
lower than that of the IHT of 1200 °C. This may imply that 
the DRX at the IHT of 1100 °C is well developed than that 
of the IHT of 1200 °C.

Fig.1 - Flow stress-strain curves of (a) the IHT of 1200 °C and (b) the IHT of 1100 °C.
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In the processing map of the IHT of 1200 °C, high η values 
as 28-24 % are shown in the HCT temperature ranges 
from 1000 to 900 °C with the strain rate ranges from 1.0 
to 0.001 s-1 as shown in Fig. 2(a). In the processing map of 
the IHT of 1100 °C, higher η values as 31-24 % are shown 
compared to the same HCT temperatures with the strain 
rates in the IHT of 1200 °C. And relatively high η values as 
27 % or 22 % are shown in the HCT temperature of 1100 
°C or 800 °C with the strain rate of 0.001 s-1 different from 

the IHT of 1200 °C. It would be due to the difference in 
the microstructures of the hot compressed specimens. 
In previous studies, DRX occurs at η values as 32-22 % 
in a high carbon steel with 1.2 wt. % C [9]. It means that 
DRX would occur in both the above high η regions in the 
obtained processing maps. And also, it is thought that η 
values less than 22 % with negative ξ would be unstable 
regions in Fig. 2(a) and (b).

Processing map
The processing maps of adamite cast steel are shown in 
Fig. 2 and the parameters of the processing map as the 

power dissipation efficiency and the instability are as 
below in Eq. (1) and Eq. (2) [7,8]. 

[1]

[2]

Fig.2 - Flow stress-strain curves of (a) the IHT of 1200 °C and (b) the IHT of 1100 °C.

Microstructural analysis 
To confirm the reliability of the obtained the processing 
maps, the microstructures of the bulged side surface of 
the hot compressed specimens are shown in Fig. 3. In 
the microstructures of the hot compressed specimens 
with the IHT of 1200 °C, partial meltings or cracks at 
cementites are found at HCT temperature of 1100 °C 
or 800 °C regardless of the strain rates. On the other 

hand, partial meltings or cracks are not found at HCT 
temperature ranges from 1000 to 900 °C regardless of the 
strain rates. In the microstructures of the hot compressed 
specimens with the IHT of 1100 °C, partial meltings or 
cracks are found at HCT temperature of 1100 °C or 800 °C 
at the strain rate ranges from 1.0 to 0.01 s-1. On the other 
hand, partial meltings or cracks are not found at HCT 
temperature ranges from 1000 to 900 °C regardless of 
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the strain rates as shown in Fig. 3(a). The hot compressed 
specimens with the defects show negative ξ with η less 
than 22 % in the processing maps as shown in Fig. 2(a) 
and (b). The number and size of the defects in the hot 
compressed specimens with the IHT of 1100 °C decrease 
and are milder than that of the IHT of 1200 °C. The results 

of microstructure observations according to the IHTs and 
the HCT conditions such as temperatures and strain rates 
correspond well with the obtained the processing maps. 
The reasons of partial meltings or cracks will be discussed 
in 3.1.

Fig.3 - FE-SEM images of the hot compressed specimens after (a) the IHT of 1200 °C and (b) the IHT of 1100 °C.

DRX behaviors
The DRX behaviors of the hot compressed specimens 
at the HCT temperature ranges from 1100 to 800 °C 
with the strain rate of 1.0 s-1 or 0.001 s-1 according to the 
IHTs were analyzed by EBSD. The f_DRX calculated by 
considering the regions with GOS ≤ 2˚ as DRXed grain 
using grain orientation spread(GOS) are shown in Fig. 4. 
In general, partially DRX is known to occur when fDRX is 
higher than 50 % [10]. In the IHT of 1200 °C, partially DRX 
as fDRX higher than 50 % occurs in the HCT temperature 
ranges from 1000 to 900 °C with the strain rate of 1.0 s-1 or 
0.001 s-1. However, partially DRX do not occur at the HCT 
temperature of 1100 °C or 800 °C regardless of the strain 

rates. In the IHT of 1100 °C, partially DRX occurs in all hot 
compressed specimens different from Fig. 4(a). And also, 
fDRX increases as increasing the HCT temperatures. The 
reason of lower fDRX of the hot compressed specimen at 
1100 °C or 800 °C in Fig. 4(a) is that pearlites were mainly 
observed as shown in Fig. 3. It means that DRX could 
not be well developled in pearlites due to lower carbon 
contents [11]. In comparison with the strain rates, as the 
strain rate is slower, fDRX increases irrespective of the IHT 
as shown in Fig. 4. Therefore, the DRX behaviors analyzed 
by EBSD agree with the processing map in Fig. 2.

Fig.4 - DRX fractions of the hot compressed specimens with (a) the IHT of 1200 °C and (b) the IHT of 1100 °C.
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DISCUSSIONS
The reason of defects
As mentioned earlier in 2.3, partial meltings or cracks 
at cementites are observed in the hot compressed 
specimen at 1100 °C or 800 °C with the IHT of 1200 
°C or 1100 °C. In order to reveal the reason of partial 
meltings at first, the specimens were heated to 1200 °C 
or 1100 °C, respectively and then held for 5 minutes at 
each of the individual temperatures without the HCT. 
The microstructures of each heat-treated specimens are 
shown in Fig. 5. Partial meltings or marks of partial melting 
are observed together in the specimen heat-treated at 
1200 °C and marks of partial melting are only observed 
in the specimen heat-treated at 1100 °C as shown in Fig. 
5. It is thought that the heating temperature higher than 
1100 °C would touch the mushy zone of adamite with a 

carbon content of 1.6 wt. %. Therefore, partial meltings 
or marks of partial melting are not probably solidified or 
probably still exist in the specimens during the HCT after 
the initial heating at 1200 °C even rapidly cooled to 1100 
°C. Also, the authors thought that the solidus temperature 
of cementites is relatively lower because of segregation of 
carbon atoms [12]. So that partial meltings are observed in 
the hot compressed specimens at 1100 °C after the initial 
heating at 1100 °C. And the reason of cracks in the hot 
compressed specimens at 800 °C regardless of the IHTs is 
thought to be the strength difference between cementites 
and the matrix [13]. Consequently, the authors propose 
that the appropriate heating temperature of adamite for 
hot working without the defects such as partial meltings 
is supposed to be less than 1100 °C.

Fig.5 - FE-SEM images of the heat-treated specimens at (a) 1200 °C and (b) 1100 °C.

CONCLUSIONS
The HCT was carried out on adamite cast steel to derive 
applicability of hot forging. Hence, the hot workability and 
the DRX behavior were evaluated. The following remarks 
can be drawn from this study:
(1) The stable hot working regions with η values as 31-24 
% and positive ξ in the processing map with the IHT of 
1100 °C are largely obtained compared to the IHT of 1200 
°C.
(2) The fDRX higher than 50 % in the hot compressed 
specimens after the IHT of 1100 °C are higher than that 
of the IHT of 1200 °C and the slower strain rates increase 
the fDRX in both. Also, relatively lower fDRXs in the HCT 
temperature of 1100 °C or 800 °C after the IHT of 1200 

°C are related to pearlites with relatively lower carbon 
contents.
(3) The defects such as partial meltings or cracks are 
observed in the hot compressed specimen at 1100 °C or 
800 °C after the IHT of 1200 °C or 1100 °C. However, the 
number and size of the defects in the hot compressed 
specimens with the IHT of 1100 °C decrease and are milder 
than that of the IHT of 1200 °C.
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